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We show that coherent inflation, namely quantum dynamics generated by inverted conservative
potentials acting on the center of mass of a massive object, is an enabling tool to prepare large
spatial quantum superpositions in a double-slit experiment. Combined with cryogenic, extreme
high vacuum, and low-vibration environments, we argue that it is experimentally feasible to exploit
coherent inflation to prepare the center of mass of a micrometer-sized object in a spatial quantum
superposition comparable to its size. In such a hitherto unexplored parameter regime gravitationally-
induced decoherence could be unambiguously falsified. We present a protocol to implement coherent
inflation in a double-slit experiment by letting a levitated microsphere traverse a static potential
landscape. Such a protocol could be experimentally implemented with an all-magnetic scheme using
superconducting microspheres.
Delocalizing the center-of-mass of an object of massM
over a distance d is a fascinating possibility allowed by
quantum mechanics. Such a quantum delocalization can
be neatly observed in the double-slit experiment, where
the interference pattern downstream shows that a quan-
tum superposition of size d (given by the slit separation)
was prepared. It is fundamentally interesting to experi-
mentally explore the parameter space (M,d). So far, im-
pressive experiments in matter-wave interferometry ex-
plore the (small M, large d) corner [1–4]. In particular,
quantum interference of molecules of M ∼ 104 atomic
mass units (amu) [5] as well as atom delocalization over
half a meter [6] has been demonstrated. On the other
hand, the recent field of cavity quantum micromechan-
ics [7] explores the (large M, small d) corner. Individual
mechanical degrees of freedom in masses of the order of
M ∼ 1013 amu have been cooled to the quantum ground
state [8–10]. Such states have the mass M delocalized
over tiny distances d much smaller than a Bohr radius.
Levitated micromechanical oscillators [11–16] are ideal
candidates to enter into the hitherto unexplored parame-
ter regime of (large M, large d) by combining techniques
of quantum micromechanics and matter-wave interferom-
etry [17, 18]; we call such hybrid schemes quantum mi-
cromechanical interferometers. Quantum micromechani-
cal interferometers have been so far discussed with opti-
cally manipulated dielectric nanospheres for earth-based
room temperature experiments [17–20], as well as for
space-based environments [21, 22]. In this Letter we aim
at identifying, from a general point of view and with-
out having à priori any experimental setup in mind, the
limits in the (large M, large d) parameter regime that
could be achieved with quantum micromechanical inter-
ferometers. This will be done by considering unavoid-
able decoherence in challenging yet feasible environmen-
tal conditions. As a by-product, this analysis will yield
the necessary requirements to attain such limits. Apart
from the expected requirements of (i) extreme high vac-
uum and (ii) cryogenic temperatures to minimize de-
coherence due to scattering of air molecules and inter-
action with black-body radiation [18, 23, 24], we shall
propose that a key requirement is (iii) to equip quan-
tum micromechanical interferometers with coherent in-
flation (CI), namely with the possibility to use conserva-
tive inverted harmonic potentials to exponentially speed-
up the coherent dynamics needed to prepare and probe
quantum superpositions in the (large M, large d) param-
eter regime. We will conclude that with (iv) sufficient
vibration isolation, quantum micromechanical interfer-
ometers with CI could explore the parameter regime of
(M ≈ 1013 amu, d ≈ 1 µm), that is, to delocalize an ob-
ject as massive as current micromechanical oscillators [7]
to distances comparable to its size. We will argue that an
ideal candidate to meet the necessary requirements (i-iv)
are magnetically levitated superconducting microspheres
coupled to quantum circuits [25, 26]. Among other pos-
sibilities, such a parameter regime could unambiguously
falsify the intriguing long-standing conjecture that grav-
ity breaks down the quantum superposition principle at
sufficiently large (M,d) [27, 28].
Let us start by recalling that while levitated microme-
chanical oscillators do not suffer clamping losses [11, 12],
its center-of-mass decoheres due to position localization
decoherence (PLD) whenever the environment interacts
with its position (e.g. scattering of air molecules) [23, 24].
The dynamics along a given axis (say x-axis) of the
center-of-mass position of a sphere of mass M in the
presence of PLD can be modelled by the following mas-
ter equation [23, 24]: 〈x|ρ˙|x′〉 = 〈x|[Hˆ, ρˆ]|x′〉/(i~)−Γ(x−
x′)〈x|ρˆ|x′〉, where xˆ|x〉 = x|x〉. The coherent dynamics
are described by the Hamiltonian Hˆ = pˆ2/(2M) + V (xˆ),
where V is a given potential and [xˆ, pˆ] = i~. The second
term in the master equation describes PLD, namely the
exponential decay in time of spatial coherences 〈x|ρˆ|x′〉
(for x 6= x′) with a rate given by the decoherence func-
tion Γ(x − x′). The decoherence function can be conve-
niently approximated [29] to Γ(x)/γ = 1− exp[−Λx2/γ],
where the decoherence rate γ (with units of Hz) and
the localization parameter Λ (with units of Hz/m2) are
two parameters that model the source of decoherence.
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FIG. 1: Coherence length ξ in units of x0 ≡
√
vx(0) plotted
as a function of time in units of 1/ω0 ≡ 2Mvx(0)/~. Solid
lines show the evolution due to free expansion with PLD in
the LW limit for different values of Λ˜ = Λx20/ω0, as indicated
in the figure. The maximum coherence at tΛω0 = [3/(4Λ˜)]1/3
is given by ξΛ/x0 = [32/(3Λ˜2)]1/6 . Dashed lines show the case
in which CI with gx = 500 and gp = 10 has been previously
performed. The maximum coherence length is then obtained
at the shorter time [3/(g2p4Λ˜)]1/3 ≈ 0.21tΛω0.
This function has two limits depending on the ratio be-
tween the saturation distance λ ≡√γ/Λ and the coher-
ence length ξ of the state ρˆ, defined as 〈x|ρˆ|x′〉 ≈ 0 for
|x − x′| & ξ; the short wavelength SW (long wavelength
LW) corresponding to ξ  λ (ξ  λ), such that Γ ≈ γ
(Γ ≈ Λx2). In the LW limit the master equation can
hence be written as ρ˙ = [Hˆ, ρˆ]/(i~)−Λ[xˆ, [xˆ, ρˆ]]. In deco-
herence processes due to scattering of particles [23, 24],
γ can be related to the scattering rate and λ to the de
Broglie wavelength of the scattered particles. The SW
(LW) limit corresponds then to the case when single scat-
tering events can (cannot) resolve distances smaller than
the coherence length ξ. As shown below, since the de
Broglie wavelength of air molecules is many orders of
magnitude smaller than the wavelength of a thermal pho-
ton, PLD due to scattering of air molecules is typically
in the SW limit whereas decoherence due to scattering,
emission, and absorption of black-body photons is in the
LW limit.
Let us now describe the first stage of a quantum mi-
cromechanical interferometer in the presence of PLD.
Consider that at t = 0 a levitated mechanical oscilla-
tor has been cooled to the ground state of the harmonic
potential V (xˆ) = Mω20 xˆ2/2 [30–33]. Such a state belongs
to the class of Gaussian states ρˆ with tr[xˆρˆ] = tr[pˆρˆ] = 0,
and hence, it can be fully determined by the following
three real parameters: vx ≡ tr[xˆ2ρˆ], vp ≡ tr[pˆ2ρˆ], and
c ≡ tr[(xˆpˆ + pˆxˆ)ρˆ]/2. These parameters are constrained
by the Heisenberg uncertainty principle: vxvp − c2 ≥
~2/4. The purity of a Gaussian state is given by P ≡
tr[ρˆ2] = ~/(2
√
vxvp − c2) ≤ 1, and the coherence length
ξ, defined by 〈x/2|ρˆ|−x/2〉 = exp[−x2/ξ2]/√2pivx, by
ξ = P√8vx. At t = 0, the ground state is pure with
vx(0) = ~/(2Mω0), c(0) = 0, and with a tiny coherence
length given by ξ(0) =
√
4~/(Mω0). To be able to pre-
pare large superpositions of the size d, it is convenient
to grow ξ such that ξ & d. While in clamped mechan-
ical oscillators this is very challenging [7], levitated me-
chanical oscillators offer the possibility to switch off the
trapping potential and let the system evolve freely with
the Hamiltonian Hˆ = pˆ2/(2M) [17, 18] . In the presence
of PLD in the LW limit, the coherence length evolves as
shown in Fig. 1. Due to coherent dynamics, the coher-
ence length grows linearly in time with a speed given by
ξ˙ ≡√8vp(0)/M = √4~ω0/M until decoherence starts to
reduce the purity of the state and consequently the coher-
ence length decays as 1/
√
t. Due to decoherence in the
LW limit, the coherence length has thus a maximum at
time tΛ = [3M/(2~Λω0)]1/3 given by ξ(tΛ) =
√
2/(ΛtΛ).
Note that, although not shown in Fig. 1, the growth of
the coherence length is also limited to the timescale 1/γ,
where γ is the decoherence rate associated to any source
of PLD in the SW limit (e.g. decoherence due to scatter-
ing of air molecules). For t & 1/γ, ξ decays exponentially
in time. Therefore, the maximum coherence length will
be given by ξ? ≡ ξ(t?), where t?(Λ, γ) ≡ min {tΛ, 1/γ}.
At this point it is illustrative to discuss some num-
bers. Consider a solid sphere of mass density 8570Kg/m3
(e.g. Niobium) that has been cooled to the ground state
of an harmonic potential with trap frequency ω0 =
2pi × 105 Hz. The mass of the sphere is M [amu] ≈
2×1013(R[µm])3 (A[u] denotes the value of A in u units),
where R is its radius. At t = 0 the coherence length is
ξ(0)[m] ≈ 10−13 × (R[µm])−3/2, which is much smaller
than a Bohr radius for a sphere of one micrometer. In free
coherent dynamics, the coherence length grows linearly
in time with a speed ξ˙[nm/s] ≈ 86/(R[µm])3/2. This is
a relatively low speed since a sphere of one micrometer
requires of the order of ten seconds to have a coherence
length of the order of its radius, which poses a tremen-
dous challenge in free fall experiments. Furthermore,
there is unavoidable decoherence. On the one hand, ther-
mal photons lead to PLD with [23, 24] λ = pi2/3~c/(kbT )
and Λ ≈ 8!8ζ(9)cR6[kbT/(~c)]9χ2R/(9pi) due to scatter-
ing and Λ ≈ 16pi5cR3[kbT/(~c)]6χI/189 due to emission
and absorption (the bulk temperature of the sphere is as-
sumed to be in equilibrium with the environmental tem-
perature). Here χR(I) is the real (imaginary) part of
[(ωT )− 1]/[(ωT ) + 2], where (ωT ) is the dielectric con-
stant of the sphere at the thermal frequency ωT = kbT/~.
Since λ[mm] ≈ 5/T [K], decoherence due to thermal pho-
tons is well described in the LW limit. This leads to
tΛ[s] ≈ 7 × 104(T [K])−3(R[µm])−1χ−2/3R for scattering
and tΛ[s] ≈ 247(T [K])−2χ−1/3I for emission and absorp-
tion of thermal photons. In room temperature experi-
ments, as in optically manipulated dielectric spheres, co-
3herent timescales of the orders of seconds are not avail-
able for spheres of one micrometer. Due to the strong
dependence on the temperature, the situation is however
very different in cryogenic environments (e.g. T [mK] =
100), where decoherence due to black-body radiation can
be safely neglected. On the other hand, the sphere scat-
ters air molecules of mass ma ≈ 28.97 amu, temperature
T , and pressure P . This leads to PLD with saturation
distance given by [23, 24] λ = 2pi~/
√
2pimakbT and γ =
16pi
√
2piPR2/(v¯ma), where v¯ is the thermal mean veloc-
ity of air molecules. One has that λ[nm] ≈ 0.32/√T [K]
and γ−1[s] ≈ 2 × 10−16√T [K](P [mbar])−1(R[µm])−2.
In cryogenic temperatures and for coherence lengths
larger than a nanometer, PLD due to scattering of air
molecules is well described in the SW limit. For a sphere
of a micrometer, extreme high vacuum of the order of
10−16 mbar is required to have coherent timescales 1/γ
of the order of a second. Such vacuum levels are challeng-
ing but compatible with cryogenic environments [34, 35].
In summary, in cryogenic environments t? is given by the
timescale 1/γ due to scattering of air molecules, which
then leads to a maximum coherence length of the order of
ξ?[nm] ≈ 2×10−14√T [K](P [mbar])−1(R[µm])−7/2. This
shows that even at extreme high vacuum in cryogenic en-
vironments, free dynamics for a sphere of one micrometer
cannot grow its coherent length to scales comparable to
its radius.
Let us now show how CI can improve this limitation.
Instead of evolving the pure ground state of the harmonic
trap (with vx(0) = ~/(2Mω0) and c(0) = 0) in free dy-
namics, consider that first one let the system evolve for
a short period of time tI in an inverted potential of fre-
quency ωI , namely V (xˆ) = −Mω2I xˆ2/2. Provided the
evolution is purely coherent, one can show that the state
is transformed to vx(tI) = g2xvx(0), vp(tI) = g2pvp(0),
and 2c(tI) = ~
√
g2 − 1, where the CI gain parameter
g ≡ gxgp is given by
g =
√
1 +
(
ω2I + ω20
2ωIω0
)2
sinh2(2tIωI). (1)
For g  1 one has that gx/gp ≈ ω0/ωI . Should the
state evolve freely after CI, its coherence length ξ would
grow with a speed gp ≈
√
ωIg/ω0 times larger, see
Fig. 1, and ξ would reach its maximum due to deco-
herence in the LW limit at the shorter time tΛ/g2/3p .
The condition for the inflation to be purely coherent,
namely that the purity is not reduced during tI , requires
sinh(2tIωI)  Mω3Iω0[~ΛI(ω2I + ω20)]−1. This upper
bounds the CI gain to g  g?, where g? ≈ ω2IM/(2~ΛI)
(assuming g?  1). The localization parameter ΛI
during CI will be typically larger since externally ap-
plying a potential can easily lead to additional sources
of decoherence. In particular, vibrations of the cen-
ter of the potential lead to PLD decoherence in the
LW limit with [36–38] Λv = M2ω4ISxx(ωI)/(2~2), where
Sxx(ω) is the power spectral density of the vibrations
id the center of the potential (to be precise, PLD in
the LW limit is obtained when Sxx(ωI) = Sxx(−ωI), as
in white noise). Considering that ΛI = Λv, one has
that the maximum inflationary gain is then given by
g? ≈ ~/[Mω2ISxx(ωI)]. Using the same numbers as be-
fore and that the inverted harmonic potential has a fre-
quency ωI [Hz] = 2pi× 50, the maximum g?p =
√
ωIg?/ω0
is given by g?p ≈ 4 × 10−15/
√
Sxx(ωI)[m2/Hz](R[µm])3.
Hence, useful CI (g?p  1) for a sphere of one microm-
eter requires
√
Sxx(ωI)  10−15 m/
√
Hz in a cryogenic
environment. As shown below, the vibration isolation
required to use CI in the generation of fringes is more
stringent. In a cryogenic environment with low vibration
isolation, CI allows to grow the coherence length of a
sphere of one micrometer to a lengthscale comparable to
its radius.
After having generated a state with ξ ∼ R, one could,
in principle, prepare a large quantum superposition us-
ing a double slit with slit separation d . ξ and slit width
σ  d. Assuming that this crucial step can be done co-
herently, one would then obtain the state ρˆd = |ψ〉〈ψ|
with 〈x|ψ〉 = N [φ(x− d/2) + φ(x+ d/2)], where N is a
normalization constant and φ(x) = exp[−x2/(4σ2)]. A
thorough analysis on how to prepare such a state with
a continuous time quantum measurement of the xˆ2 ob-
servable can be found in [26]. Here we just focus on
what happens after having prepared ρˆd. Since states af-
ter the double slit are non-Gaussian, it is more convenient
to describe them via their Wigner function W (x, p, t) =∫∞
−∞ dy exp[−ipy/~]〈x+ y/2|ρˆ(t)|x− y/2〉/(2pi~). The
time evolution of the Wigner function in free dynam-
ics with PLD in the LW limit is given by the differential
equation ∂tW = −(p/M)∂xW + ~2Λ∂2pW . The position
probability distribution P (x, t) =
∫∞
−∞ dpW (x, p, t) can
then be expressed as
P (x, t) =
∫ ∞
−∞
PΛ=0(x+ y, t)
exp
[−y2/σ2Λ(t)]
σΛ(t)
√
pi
dy, (2)
where PΛ=0(x, t) is the probability position distribu-
tion given in the absence of PLD, namely for Λ = 0.
PLD blurs the probability distribution with a blurring
lengthscale given by σΛ(t) =
√
4~2Λt3/(3M2). One can
show that PΛ=0(x, t) exhibits fringes with a fringe sep-
aration given by xf (t) = 2pi~t/(Md). Note that then
xf/σΛ ∼ t−1/2, and therefore, there is a time for which
σΛ(t) & xf (t) and fringes are erased due to PLD in
the LW limit. Furthermore, recall that in the presence
of PLD in the SW limit fringes would be exponentially
erased at times larger than 1/γ. The generation of visible
fringes, which is required to demonstrate the preparation
of a superposition state of separation d, puts a humon-
gous limitation at large scales of mass and distance. This
is so since the speed at which the fringes increase is given
by x˙f = 2pi~/(Md), which for the numbers discussed
4above reads x˙f [nm/s] ≈ 2 × 10−5(d[µm])−1(R[µm])−3.
This means that for a sphere of one micrometer prepared
in a superposition of one micrometer, 105 seconds are re-
quired to generate fringes of the order of one nanometer.
At this timescale fringes would be completely blurred due
to scattering of air molecules even in extreme high vac-
uum.
Let us now show how CI can crucially help to circum-
vent this limitation. In free expansion and without de-
coherence, the momentum operator at a given time t0 is
mapped into the position operator at a later time t t0
via xˆ(t) ≈ pˆ(t0)Mt. With CI we aim at performing this
mapping with an exponentially faster timescale. To this
end, one has to do the following: let the system evolve,
first, with the harmonic potential V (xˆ) = Mω2I xˆ2/2 for
a time tR = pi/(4ωI), and then, with the inverted poten-
tial V (xˆ) = −Mω2I xˆ2/2. One readily obtains that at time
scales t tR+1/ωI , one has xˆ(t) ≈ eωItpˆ(t0)/(
√
2MωI),
as wanted. Using the Wigner function formalism one
can show [26] that P (x, t) is also given by Eq. (2) where
PΛ=0(x, t) exhibits, in this case, fringes with fringe sep-
aration xf (t) = exp[ωIt]2pi~/(MdωI). The blurring
lengthscale with CI is given by [26]
σΛ(t) =
√
~2ΛI
M2ω3I
[sinh(2ωIt)− 2ωIt]. (3)
Quite remarkably, note that for ωIt  1 one has that
xf and σΛ scale equally in time, as opposed to the free
dynamics case. This means that during CI the inequal-
ity xf  σΛ will be time independent and thus fringes
will not be erased due to PLD in the LW limit. CI al-
lows to expand visible fringes in an exponentially faster
time than in free evolution, and without blurring them,
provided ΛI  8pi2ωI/d2 such that xf/σΛ  1 for
ωIt  1. This requires
√
Sxx(ωI)  4pi~/(dMω3/2I ).
Using the previous numbers,
√
Sxx(ωI)[m/
√
Hz] 0.7×
10−17(d[µm])−1(R[µm])−3. For a sphere of one microm-
eter and a superposition of one micrometer, this is a
very challenging but not impossible vibration isolation
in a cryogenic environment. Indeed, a new generation of
gravitational wave detectors in cryogenic environments
(e.g. KAGRA project [39]) aims at vibration isolations
many orders of magnitude better than what is required
here.
To implement CI in a double-slit experiment with min-
imal active control, we propose to let the sphere tra-
verse, with a constant speed v along the y-axis, the po-
tential landscape V (x) illustrated in Fig. 2. By prop-
erly engineering the potential landscape, the potential
in the co-moving frame of the sphere would be time-
dependent and would implement the quantum microme-
chanical interferometer with CI. By placing the poten-
tial landscape in the vicinity of cavities, ground state
cooling, the continuous quantum measurement of xˆ2 per-
forming the double slit, and the final position measure-
x y
V (x)
1
2
3
4
5
6
7
Cooling
CI
CI
Free
Double Slit
Rotation
Measure
FIG. 2: Quantum mechanical interferometer with CI. The
potential for the x-coordinate is V = Mω20 xˆ2/2 (step 1), V =
−Mω2I xˆ2/2 (step 2 & 6), V = 0 (step 3, 4 & 7), and V =
Mω2I xˆ
2/2 (step 5). Coupling to cavities in steps 1, 4, & 7
are required to perform ground state cooling and quantum
measurements. See [26] for details.
ment to unveil the interference pattern, could also be
passively implemented. As shown in this Letter, to im-
plement such a protocol in the limit parameter regime
of (M ∼ 1013 amu, d ∼ 1 µm), necessary requirements
are: cryogenic temperatures (T . 1 K), both for the
bulk of the sphere and its environment, extreme high
vacuum (P ≈ 10−16 mbar), extreme good vibration iso-
lation (
√
Sxx ≈ 10−18 m/
√
Hz), a conservative potential
landscape, and coupling to quantum systems allowing the
ground state cooling, the implementation of a double slit,
and a final position measurement. All these requirements
have been put together in a recent thorough proposal [26]
consisting in a magnetically levitated superconducting
microsphere traversing a static magnetic potential (so-
called magnetic skatepark) on top of a superconducting
chip hosting flux-dependent quantum circuits.
To conclude, we remark that the parameter regime
(M ∼ 1013 amu, d ∼ 1 µm) opens many interesting pos-
sibilities, in particular with regard to gravity. For in-
stance, the long-standing conjecture that gravity could
cause the breakdown of the superposition principle at
sufficiently large scales [27, 28] can be formulated, for a
sphere of radius R and mass M , in terms of PLD with
ΛG = GM2/(2~R3) and λG = R [18], where G is the
gravitational constant. This is the parameter-free pre-
diction of gravitationally-induced decoherence, which is
derived from an homogeneous mass density, and leads
to lower-bounded decoherence rates [40]. For coherence
lengths ξ . R, one can use the LW limit to obtain
tΛ[s] ≈ 1.26 (for any R), which can be further reduced
using CI. In accordance with our previous analysis, such
a timescale makes it possible to falsify gravitationally-
induced decoherence using a slit separation in the regime
ξ(Λ + ΛG, γ)  d  ξ(Λ, γ), where Λ and γ are stan-
dard PLD sources, and ξ(Λ, γ) is the coherence length
5just before the double slit. For further details see [26].
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